BACKGROUND-Blood-stage malaria vaccines are intended to prevent clinical disease. The malaria vaccine FMP2.1/AS02 A , a recombinant protein based on apical membrane antigen 1 (AMA1) from the 3D7 strain of Plasmodium falciparum, has previously been shown to have immunogenicity and acceptable safety in Malian adults and children.
CONCLUSIONS-On the basis of the primary end point, the malaria vaccine did not provide significant protection against clinical malaria, but on the basis of secondary results, it may have strain-specific efficacy. If this finding is confirmed, AMA1 might be useful in a multicomponent malaria vaccine.
An effective malaria vaccine would improve the prospects for eradicating malaria. 1 Vaccines that interrupt the transmission of malaria are emphasized in discussions of eradication, 2 but the ideal malaria vaccine would provide a direct clinical benefit. Vaccines targeting the blood stages of malaria are intended to reduce morbidity and mortality and are being developed in hopes of creating a multistage, multi-antigen vaccine. 3 Vaccines based on two polymorphic Plasmodium falciparum blood-stage proteins, merozoite surface protein 1 4 and apical membrane antigen 1 (AMA1), 5 were not shown to be effective in recent studies, probably because of insufficient cross-protection against diverse malaria strains 6,7 or insufficient immunogenicity. A vaccine based on three non-AMA1 blood-stage antigens failed to prevent clinical malaria but reduced the risk of infections with vaccine-type strains. 8 No such strain specificity was seen with a vaccine based on a pre-erythrocytic protein that prevents clinical malaria. [9] [10] [11] FMP2.1/AS02 A is a monovalent blood-stage malaria vaccine based on AMA1 from the 3D7 strain of P. falciparum. 12 It had acceptable safety and tolerability in volunteers in the United States with no history of malaria 13, 14 and in malaria-exposed adults 15 and children 16 in Mali. In all these populations, FMP2.1/AS02 A produced higher and more sustained antibody responses than a bivalent AMA1 vaccine that showed neither overall 5 nor strain-specific 17 efficacy in a recent trial in Mali. We conducted a proof-of-concept trial to assess the efficacy of FMP2.1/AS02 A against clinical falciparum malaria in Malian children and to determine whether the efficacy was strain-specific.
METHODS

STUDY DESIGN
We conducted a randomized, controlled, double-blind trial. The protocol (available with the full text of this article at NEJM.org) was approved by the institutional review boards at the University of Bamako Faculty of Medicine, the University of Maryland, Baltimore, the Walter Reed Army Institute of Research, and the U.S. Army Surgeon General. The National Institute of Allergy and Infectious Diseases and the U.S. Agency for International Development reviewed the study protocol. The trial was monitored by the National Institute of Allergy and Infectious Diseases and the U.S. Army Medical Material Development Activity. An independent data and safety monitoring board and a local safety monitor were appointed by the National Institute of Allergy and Infectious Diseases. The trial was conducted in compliance with the study protocol, the International Conference on Harmonization of Good Clinical Practices, the Declaration of Helsinki, and regulatory requirements of Mali. Program staff from the National Institute of Allergy and Infectious Diseases contributed to the study design but played no role in the collection, analysis, or interpretation of the data, the writing of the manuscript, or the decision to submit it for publication, all of which were done by the authors. Authors from GlaxoSmithKline Biologicals contributed to the study design, provided edits to the version of the manuscript submitted for publication (including interpretation of the data), and agreed with the decision to submit the manuscript for publication; these industry authors played no role in the collection or analysis of the data. Data management and statistical support were provided by EMMES, a contract research organization. All authors vouch for the veracity and completeness of the data presented as well as the fidelity of this report to the study protocol.
STUDY PARTICIPANTS
The study was conducted at the Bandiagara Malaria Project research clinic in rural Mali from May 2007 through February 2008. Four hundred healthy children 1 to 6 years of age were enrolled and randomly assigned to receive either the malaria vaccine or a rabies vaccine (control vaccine). Written informed consent was obtained from a parent or guardian of each child. Active and passive surveillance for malaria began at the time of the first vaccination and continued throughout the follow-up period. Venous-blood samples were obtained for safety and immunogenicity analyses on the day of each vaccination and 1, 3, and 6 months after the third vaccination; samples were also collected 1 week after each vaccination for the safety analysis. The duration of follow-up for the primary analysis was 8 months (i.e., the 2-month vaccination period and 6 months of postvaccination surveillance, spanning one malaria season).
VACCINES
Children received either 50 μg of lyophilized FMP2.1 (from the Walter Reed Army Institute of Research), which was resuspended shortly before vaccination in 0.5 ml of adjuvant (AS02 A , Glaxo-SmithKline Biologicals), 15 or 1 ml of purified chick-embryo rabies vaccine (RabAvert, Chiron Vaccines). Vaccines were prepared in identical syringes and covered to conceal their contents.
RANDOMIZATION AND VACCINATION
Children were randomly assigned, in a 1:1 ratio, to receive three doses (one dose each month) of either vaccine. Block randomization was used, with stratification by age group. Participants were assigned study numbers in the order in which they arrived at the clinic on the first day of vaccination. Vaccines were administered intramuscularly in the left deltoid.
EFFICACY END POINTS
All primary, secondary, and exploratory end points were specified in the study protocol and in a statistical analysis plan that was finalized before unblinding. The primary end point was a clinical episode of malaria, defined as fever (axillary temperature of 37.5°C or higher) with an asexual P. falciparum density of at least 2500 parasites per cubic millimeter of blood. Secondary end points included one or more episodes of clinical malaria due to parasites that had AMA1 genotypes identical to the 3D7 vaccine strain with respect to designated immunologically important AMA1 polymorphisms (codons 196, 197, 199, 200, 201, 204, 206 , and 207 in the cluster 1 loop of domain I) 7 and the incidence of multiple episodes of clinical malaria. Exploratory efficacy end points included clinical episodes of malaria according to various definitions (i.e., parasitemia thresholds ranging from any level above 0 to 100,000 parasites per cubic millimeter and episodes with fever or with symptoms consistent with malaria, irrespective of the axillary temperature), cumulative asexual P. falciparum parasite density measured for each child as the total area under the curve (AUC) for parasitemia in both clinical malaria episodes and asymptomatic infections detected in monthly surveys, and the incidence of anemia, defined (on the basis of local norms) as a hemoglobin level of less than 8.4 g per deciliter.
MONITORING FOR EFFICACY AND SAFETY
Passive case detection was achieved by means of continuously available medical care, including prompt diagnosis and treatment of malaria. Active surveillance to detect asymptomatic malaria and anemia consisted of frequent, scheduled clinic visits during the vaccination period, followed by monthly visits during the 6-month period after the third vaccination. Blood smears collected at monthly visits were not read at the time of collection unless symptoms were present. Solicited adverse events were recorded on vaccination days and 1, 2, 3, and 7 days after each vaccination. Unsolicited adverse events (those reported spontaneously by a parent or guardian) were recorded throughout the 8-month study period.
PARASITE GENOTYPING
DNA was extracted from dried-blood spots collected during clinical malaria episodes, and the gene encoding P. falciparum AMA1 was sequenced. 7 Clinical episodes were classified according to whether the AMA1 sequence of the infecting parasites matched or did not match that of the vaccine strain 3D7, with matching ascertained as complete concordance at eight polymorphic amino acid positions in the cluster 1 loop of AMA1 domain I. These eight positions had been identified before the analysis as important in the development of strain-specific immunity against AMA1, on the basis of both in vitro 18 and molecular epidemiologic 7 evidence.
STATISTICAL ANALYSIS
The study was designed to have 90% power to detect an efficacy rate of 20% for the malaria vaccine, with a two-tailed significance level of 0.05, assuming a 75% incidence of a first episode of clinical malaria. This relatively low overall efficacy rate was chosen in anticipation that the vaccine might have strain-specific efficacy only. All reported P values are two-sided.
The primary analysis estimated the hazard ratio for the first or only episode of clinical malaria in the intention-to-treat cohort (all randomly assigned children, with data collection starting on the day of the first vaccination). Secondary efficacy analyses were conducted to estimate the hazard ratio for the first or only clinical episode of malaria (according to the definition of the primary end point) with an AMA1 genotype matching that of the vaccine strain, 7 the hazard ratio for multiple episodes, and the same end points in the per-protocol cohort (children who received all three doses of the assigned vaccine and completed at least 14 days of follow-up after the third vaccination, with data collection starting 14 days after the third vaccination).
The relationship between anti-AMA1 antibodies and the risk of clinical malaria was examined by estimating the hazard ratio for the first or only episode of clinical malaria. To estimate vaccine-induced (as opposed to naturally acquired) anti-AMA1 antibodies, we subtracted the log 10 -transformed antibody level at baseline from the level at the time point, at least 2 weeks after the third vaccination, that was closest to but not after the first malaria episode.
Cumulative parasite density was estimated for each child by measuring the AUC for the entire study period and also for the period from 2 weeks after the third vaccination until the end of the follow-up period. All recorded episodes of parasitemia were included, irrespective of the presence or absence of symptoms of malaria; parasite density was assumed to decline linearly to zero 3 days after a treated malaria episode. Additional details of the methods are given in the Supplementary Appendix, available at NEJM.org.
RESULTS
PARTICIPANTS
A total of 745 children were screened; 400 were randomly assigned to a vaccine, received at least one vaccination, and were included in the intention-to-treat analysis. A total of 186 of 199 children (93.5%) in the malaria-vaccine group and 191 of 201 (95.0%) in the control group received all three immunizations. Of all 400 children, 383 (95.8%) completed follow-up to study day 240 (Fig. 1) . Demographic and other characteristics were balanced between the two groups at enrollment (Table 1) .
EFFICACY
The Kaplan-Meier cumulative incidence of the first or only malaria episode, as defined for the primary end point, was 48.4% in the malaria-vaccine group and 54.4% in the control group. The unadjusted efficacy of the malaria vaccine as compared with the control vaccine, ascertained by means of Cox regression analysis, was 17.4% (hazard ratio for the primary end point, 0.83; 95% confidence interval [CI], 0.63 to 1.09; P=0.18) (Fig. 2A) . Of 22 clinical episodes of infection with a P. falciparum strain with vaccine-type AMA1, 16 occurred in the control group; efficacy against clinical malaria with vaccine-type AMA1 was 64.3% (hazard ratio with malaria vaccine vs. control vaccine, 0.36; 95% CI, 0.08 to 0.86; P = 0.03) (Fig. 2B) . Efficacy against multiple clinical episodes as defined for the primary end point was 20.0% (hazard ratio, 0.80; 95% CI, 0.63 to 1.02; P = 0.07) and remained approximately 20% with the use of various definitions of malaria; the more permissive definitions (i.e., those that resulted in an increased number of identified episodes) were associated with significant between-group differences (P<0.05) ( Table 2 ). Per-protocol analyses produced similar efficacy estimates (see the Supplementary Appendix).
The median individual cumulative AUC for parasite density was 168,600 parasites per cubic millimeter in the vaccine group and 376,900 in the control group in the intention-to-treat analysis and 97,700 per cubic millimeter in the malaria-vaccine group and 308,600 in the control group in the per-protocol analysis (P = 0.01 for both analyses). Figure 2 in the Supplementary Appendix shows cumulative total AUC for parasitemia in each group.
There were 17 anemia episodes in 16 children in the vaccine group and 18 episodes in 16 children in the control group (P = 1.00). No significant differences between the two groups were seen in the incidence of anemia during clinical malaria episodes or in the incidence of severe anemia, both of which were rare.
SAFETY AND REACTOGENICITY
Results for safety and reactogenicity were similar to those in earlier trials of this vaccine in the same population. 15, 16 There were no deaths and no vaccine-related serious adverse events. Serious adverse events occurred in five children in the malaria-vaccine group (one episode each of severe malaria, febrile seizure associated with malaria, respiratory distress attributed to bronchiolitis, severe dehydration and malnutrition, and paralytic ileus) and in one child in the control group (febrile seizure associated with malaria). Laboratory safety tests revealed no significant differences between the two groups in the number of out-ofrange values or of severity values of grade 2 or higher (Table 3) .
Local reactions occurred in 99.0% of children in the vaccine group (95% CI, 96.4 to 99.0) and in 82.1% in the control group (95% CI, 76.1 to 87.1). Most local reactions consisted of swelling, typically noted only on physical examination and not of concern to parents. The most common unsolicited adverse event was subjective fever, reported in 40.2% of children in the malaria-vaccine group and 17.4% of those in the control group (P<0.001). There were no other imbalances between the two groups with respect to other, less-frequent unsolicited adverse events (Table 3) . Fever was also the most common solicited symptom in both groups, recorded for 61.3% of children in the malaria-vaccine group and for 25.9% of children in the control group. Irritability or fussiness and loss of appetite were reported more frequently in the malaria-vaccine group than in the control group (Table 1 in the Supplementary Appendix).
IMMUNOGENICITY
The geometric mean titer of anti-AMA1 antibodies 1 month after the third vaccination was 188,449 enzyme-linked immunosorbent assay units (EU) per milliliter (95% CI, 165,626 to 214,418) in the malaria-vaccine group and 782 EU per milliliter (95% CI, 525 to 1165) in the control group (Fig. 3) . Antibody titers increased by a factor of 54 a month after the first vaccination with the malaria vaccine, peaking a month after the third vaccination, with an increase over the baseline titer by a factor of 479. The titers in the malaria-vaccine group remained significantly higher than those in the control group throughout the observation period. Anti-AMA1 antibody titers in the control group increased modestly during the malaria transmission season, rising by a factor of two by 1 month after the first vaccination and peaking at three times the baseline level by 3 months after the third vaccination.
Neither the AMA1 antibody titer at baseline nor the titer 1 month after the third vaccination was associated with efficacy against clinical malaria, but the increase over the baseline titer at the last measurement before the first clinical episode was associated with protection against clinical malaria, as defined according to criteria for the primary end point (hazard ratio, 0.72; 95% CI, 0.60 to 0.87; P<0.001).
DISCUSSION
The FMP2.1/AS02 A malaria vaccine did not have significant efficacy against clinical malaria episodes meeting the criteria for the primary efficacy end point. However, in planned secondary analyses, the vaccine had efficacy against clinical malaria caused by parasites that were identical to the vaccine strain with respect to immunologically important polymorphisms in the vaccine antigen. Sensitivity analyses provided estimates of about 20% efficacy against both first and multiple malaria episodes diagnosed according to various definitions of clinical malaria. This finding suggests that it is possible for a malaria vaccine targeting a single blood-stage protein to provide protection against clinical malaria.
Another AMA1 vaccine was associated with a possibly increased risk of severe anemia. 5 We found that recipients of the FMP2.1/AS02 A vaccine did not have an increased risk of anemia but had more local reactions and other adverse events than did control-vaccine recipients. The safety and adverse-event profile of this vaccine was acceptable and similar to those of other vaccines containing the same or similar adjuvant systems.
FMP2.1/AS02
A elicited sustained antibody titers. Neither baseline nor peak postimmunization antibody levels were associated with protection against clinical malaria. However, the increase in antibody levels occurring between vaccination and the first clinical episode did correlate with an increase in protection. These findings suggest that naturally acquired AMA1 antibodies might reflect recent exposure to malaria and might therefore be temporally associated with an increased risk of malaria, not as the cause but as an effect of this increased risk, providing support for a role of vaccine-induced antibodies in protection against clinical malaria. Alternatively, the postvaccination rise in antibody levels may reflect enhancement of some other protective mechanism. We previously reported that FMP2.1/ AS02 A elicited cellular immune responses in Malian adults. 19 Studies of cellular immune responses, IgG subclass, antibody avidity, and serologic growth inhibition may identify immune correlates of protection and inform future decisions about vaccine development for clinical use.
Several factors may account for the apparent ability of FMP2.1/AS02 A to provide partial protection even though other single-antigen blood-stage malaria vaccines provided none. No malaria vaccine has been designed on the basis of knowledge of the frequency of antigenic variants at the testing site, nor have previous trials been designed to detect strain-specific efficacy. 6 A low frequency of parasites that were homologous to the vaccine strain most likely contributed to the lack of efficacy reported for one blood-stage vaccine. 4 Although one of the most frequent AMA1 variants at our study site corresponds to the P. falciparum strain used to create FMP2.1/AS02 A , improving prospects for measurable efficacy, 7 our trial was underpowered to detect efficacy against strains with AMA1 completely identical to the vaccine strain, in the absence of any cross-protection. Trials of vaccines based on polymorphic antigens should be designed with consideration of strain frequencies at the study sites.
A bivalent AMA1 vaccine with aluminum hydroxide as an adjuvant, which showed no overall 5 or strain-specific 17 efficacy in Malian children, produced comparatively modest antibody responses (peak antibody level approximately 15 times the baseline level, as compared with an increase by a factor of 479 seen with FMP2.1/AS02 A ) that were shortlived, suggesting that insufficient immunogenicity contributed to the lack of efficacy. 5 Use of AS02 A most likely contributed to the apparent strain-specific efficacy of FMP2.1/AS02 A . The development of the malaria vaccine RTS,S/AS01, which reduces the risk of clinical malaria in children, 20, 21 has undergone progressive improvements in adjuvant systems. [22] [23] [24] Adjuvants appear to be a necessary component for efficacious subunit-protein malaria vaccines.
Previously, FMP2.1/AS02 A did not prevent or delay parasitemia in volunteers with no history of malaria who were challenged by infected mosquitoes, but it did reduce parasite density before treatment. 14 This result and our observation that the vaccine prevented clinical malaria caused by homologous parasites and reduced cumulative parasite density associated with all infections suggest that FMP2.1/AS02 A controls parasite density by reducing the efficiency of parasitic invasion of erythrocytes.
A appears to have some activity against parasites with AMA1 that is not identical to the vaccine strain, since even complete efficacy against the small proportion of parasites with an AMA1 sequence that is identical to that of the vaccine strain would not account for the modest reduction in the incidence of first or multiple clinical episodes observed in secondary and exploratory analyses or for the larger reduction in episodes caused by parasites that correspond to the vaccine strain at a few immunologically important amino acid positions but that differ from the vaccine strain at other amino acid positions. 7 Further analyses of molecular and immunologic correlates of protection may provide insight into the extent of cross-protection and guide the development of more effective nextgeneration vaccines. 3 
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